ABSTRACT A reconfigurable manufacturing system (RMS) built around a part family is a paradigm to meet dynamic demands and can provide the exact functionality and capacity of the associated part family. The reconfiguration of an RMS is a complex process, given the practical situation of the RMS structure. Furthermore, the reconfiguration complexity of an RMS determines the success of RMS implementation. The reconfiguration complexity can be evaluated using reconfiguration efforts. Eliminating parts involves more reconfiguration efforts compared to complete reconfiguration from a part family and will decrease the reconfiguration complexity of RMS implementation based on the corresponding part family. Therefore, a similarity coefficient that considers the reconfiguration efforts of RMS part family grouping is proposed in this paper. First, the definition of reconfiguration efforts is given based on the system configurations of each part, including actions such as function add, function delete, function swap, and function replace. Second, the common operation sequence (COS) and the longest common subsequence (LCS) between parts are analyzed. Third, the similarity between parts is calculated based on the reconfiguration efforts, the COS, and the LCS. The average linkage clustering algorithm is adopted for grouping the parts into families based on similarity. Finally, a case study is presented to implement the proposed part family grouping method and validate its effectiveness.
I. INTRODUCTION
Reconfigurable manufacturing systems (RMSs) [1] - [4] were proposed in order to cope with the intense competition arising from economic globalization. A RMS is inspired by the flexible manufacturing system (FMS) and dedicated manufacturing line (DML) [5] , [6] , and it combines the customized flexibility of FMS with the high productivity of DML. Mehrabi et al. [7] reviewed the specific technologies and research issues associated with RMSs. State-of-the-art alternatives were investigated [8] . Part families are an important enabler in realizing the customization of RMSs [9] when a RMS is built around part families [1] .
The concept of a part family emerged before RMSs, accompanying the development of group technology (GT) [10] . The proposal of RMSs enabling the customization based on a part family provided an innovative new direction to the research on part families. The key to RMS design is the grouping and selection of parts (products) [11] .
The accuracy of part family grouping will affect the efficiency of the RMS [12] . This property is different from that of a traditional part family, in that the studies of a RMS part families attempt to boost the responsiveness of a RMS [13] by considering the key characteristics of the RMS. Irani and Huang [14] proposed a similarity coefficient to find the minimum numbers of substitutions, insertions and deletions needed to transform one sequence into another, which is rudimentary for introducing the reconfiguration idea to the process of RMS part family grouping. Huang [15] improved the similarity coefficient of [14] in his Ph.D. dissertation. Next, aspects such as the modularization, versatility and compatibility of RMSs were considered in the formation of a part family [16] - [18] . To study in parallel the production efficiency of RMSs with part families, production factors were combined with similarity during part family grouping [19] . Goyal et al. [20] considered the mixed production scenario of a RMS and analyzed the influence of idle machines and bypass moves [12] on the part family grouping. Although existing studies on the RMS part family grouping attempted to consider the characteristics of RMSs, they neglected the impact of the reconfiguration process. Owing to the complexity of the reconfiguration of RMSs, the neglect of the reconfiguration process during part family grouping will increase the complexity of reconfiguration. Farid and Covanich [21] investigated the measurement of the reconfiguration process, considering the intrinsic property of the system's structure. Prasad and Jayswal [22] - [24] analyzed the influence of reconfigurability on scheduling in RMSs. Youssef and ElMaraghy [25] proposed an index named smoothness to assess the reconfiguration difficulty of RMSs. Goyal et al. [26] investigated the reconfigurability of reconfigurable machine tools (RMT) to improve the responsiveness of RMSs. In fact, a better part family grouping result should make it easy to reconfigure from one configuration of the parts to another within the same part family considering the practical system structure limitations (such as fundamental structure and connections). Therefore, a similarity coefficient considering reconfiguration efforts is proposed in this paper to group the parts of a RMS into families using a hierarchical clustering algorithm.
The rest of this paper is structured as follows. First, a literature review of related works is given in section II. Section III defines the concept of reconfiguration efforts, and section IV states the problem to be solved. Section V presents the similarity coefficient of RMS part family grouping considering the reconfiguration efforts. A computation illustration of the proposed similarity coefficient is given. Section VI selects average linkage clustering (ALC) as the clustering algorithm. Section VII provides a case study to implement the proposed part family grouping method and validates its effectiveness. Section VIII presents the study's conclusions.
II. RELATED WORKS
Part family grouping is an application of GT which appeared before the proposal of RMSs, including the machine-cell matrix method and similarity method. In 1988, an operation-sequence-based similarity method was proposed by Choobineh [27] , which was derived from the Jaccard similarity coefficient and paved the way for part family grouping. Vakharia and Wemmerlov [28] considered the machine order and load while constructing production cells of cellular manufacturing systems using a similarity coefficient. In 1990, clustering algorithms were introduced to the process of part family grouping based on similarity matrices [29] . Ho et al. [30] proposed an index of compatibility to calculate the similarity of operation sequences. Balakrishnan and Jog [31] tried to solve the large-scale problem of part family formation. A similarity coefficient based on the longest common subsequence (LCS) was used to design manufacturing cells considering machine order [32] . In addition, Selim et al. [33] focused on the clustering algorithm improvement of part families.
Owing to the customization capabilities of part families, Prof. Koren adopted it as the core enabler of RMSs in 1999 [1] . Following this, part family grouping research associated with RMSs began to gradually appear. Abdi and Labib [11] introduced the reconfiguration link to arrange (i.e., group and select) products for RMSs. Galan et al. [16] considered the factors of modularity, commonality, compatibility, reusability, and product demand of RMSs using Analytic Hierarchy Process (AHP) [34] to group parts into families, which concluded that grouping efficiency and accuracy during part family grouping are highly important in improving the efficiency of RMSs. Ma et al. [17] adopted similar factors using an improved AHP method to analyze the similarity among parts, including modularization, universality, compatibility, and reusability. Zhang and Qiu [35] further considered part demand when classifying a part family of RMSs. ElMaraghy [36] proposed the concept of evolving families for varying parts to link the evolution of products and manufacturing systems. Ashraf and Hasan [18] focused on modularity and reusability. Abdi [37] included the production factors, such as production volume and cost, in the parts similarity computation. Goyal et al. [20] analyzed the idle machines and bypass moves resulting from the shortest composite supersequence of operation sequences, which affects the value of dissimilarity among parts. The discrimination of the similarity coefficient was also discussed. Gupta et al. [38] proposed a three-stage part family grouping method including establishing similarity coefficient matrix, identifying the most correlated parts by principal component analysis, and applying the agglomerative hierarchical K-means clustering algorithm for optimizing the results. Gupta et al. [39] further considered the sequencing of part families while grouping parts into families; the grouping of parts into families based on common features in the first phase and the optimal sequences of the part families are determined by using a mixed integer linear programming model to minimize the reconfiguration cost and underutilization costs. Hasan et al. [19] emphasized the service level of RMSs to obtain a better part family for the configuration initialization. Wang et al. [12] combined the LCS and the shortest composite supersequence (SCS) to calculate the similarity of parts and adopted ALC as the clustering algorithm, which results in a higher discrimination to increase the accuracy of part family grouping. In Khanna and Kumar's research [40] , the bond energy algorithm was adopted as the foundation technique to recognize the operation groups of parts in RMSs. Bejlegaard et al. [41] studied the part family formation of RMSs with the line balancing problem for low volume and high variety. Kashkoush and ElMaraghy [42] extended the research of part family formation to reconfigurable assembly systems using the consensus tree-based clustering method to find the best part family. Similarly, Hasan et al. [43] studied the product formation of reconfigurable assembly systems based on complexity. Navaei and ElMaraghy [44] proposed a product variant grouping method based on setup similarity, in which a new policy for sequencing product variants was proposed. Huang and Yan [45] investigated the part family grouping of RMSs considering the influences of process time and capacity demand. The existing literature on RMSs part family grouping is presented in Table 1 , in which the reconfiguration/production factors considered are summarized.
In the existing literature of part family grouping, several researchers attempted to involve the reconfiguration characteristics [16] , [17] , [38] or production factors [12] , [35] , [41] , [45] into the process of part family grouping to group a suitable part family for RMSs, which is an implicit way to relate the reconfiguration characteristics of RMSs with the part family grouping. This study considers the reconfiguration complexity explicitly during the part family grouping using the index of reconfiguration efforts. The explicit method describes the relationship between reconfiguration and part family grouping directly and can obtain a more practical part family grouping result, thereby decreasing the reconfiguration complexity of RMSs.
III. CONCEPT DEFINITIONS OF RMS PART FAMILY GROUPING
There are some important concepts associated with the part family of a RMS, including reconfiguration efforts, common operations sequence (COS) and LCS. The detailed definitions of these concepts will be presented in this section.
A. RECONFIGURATION EFFORTS
RMSs are built based on the concept of a part family. A part family should be able to provide the functions of all the parts within the part family via reconfiguration. The operation sequence of a part describes the functions needed to process the part. The configurations of RMSs describe the functions and connections among functions of the specific parts. The corresponding practical RMSs specify the functions and connections using gantries [9] , [13] , [46] . For example, the operation sequence of part a, P a = {1, 2, 3, 4}, and the configuration and corresponding practical RMSs of P a are shown in Figure 1 . Reconfiguration efforts refer to the actions needed to complete the reconfiguration from one configuration to another including function add, function delete, function swap and function replace. Function add refers to the addition of a new function and its system structure (Stage and corresponding connection referring to Figure 1 ) to the current configuration, as shown in Figure 2 (a). Function delete means that a function and its system structure existing in the current configuration are deleted, as shown in Figure 2 (b). The function add and function delete only happen at the starting or ending position of a system configuration considering the practical situation and system consecutiveness, in which it is impossible to insert a new system structure among the existing system structures or eliminate a middle system structure of the existing system structures. Function swap indicates that a function existing in the current configuration is swapped with another existing function to change their positions to complete the reconfiguration, as shown in Figure 2 function swap actions, the rule of ''as few actions as possible'' is adopted during function add and function delete, that is, when adding or deleting a function, the adding or deleting positions that can keep as many common operations as possible in the same relative positions are selected. In addition, the concept of reconfiguration efforts is similar to the substitution, insertion and deletion of operations [14] , [29] in the so-called Levenshtein distance. However, the reconfiguration efforts further consider the changes of configuration (system structure) according to the practical reconfiguration situation. Therefore, the reconfiguration efforts introduced in this paper are notably different from the Levenshtein distance of operation sequences.
B. COS AND LCS
Given two operation sequences, the COS can be derived from these two operation sequences if they share one or more common operations. Actually, the COS is a sequence of common operations between the given two operation sequences without considering processing order. Further, if considering the processing order of the common operations, one or more subsequences can be derived from the COS. The longest subsequence of those subsequences derived from the COS is the LCS, which shares the same function and processing order. The COS and the LCS can be the same in some situations.
Assume that the operation sequence of part b is P b = {2, 4, 5} and the operation sequence of part c is P c = {1, 2, 4, 3}. Next, the COS of part a and part b is COS ab = {2, 4} according to the definition of the COS shown in Figure 3(a) . Although the processing orders of part a and part c are different, the processing functions are the same, and the COS between part a and part c is COS ac = {1, 2, 3, 4} or {1, 2, 4, 3} with the same length as shown in Figure 3(b) . Similarly, the LCS of part a and part b is LCS ab = {2, 4}, as shown in Figure 3(a) . The LCS between part a and c is LCS ac = {1, 2, 4} or {1, 2, 3} as shown in Figure 3(b) . In addition, {1, 4} is also a common subsequence of part a and part b but not the longest common subsequence.
IV. PROBLEM STATEMENT
Reconfiguration is a complex process that needs to consider the process function, process order and system structure ( Figure 3 ). For example, using part a, part b and part c as examples, because part b has the same LCS as part a and part c, i.e., LCS ba = LCS bc = {2, 4}, the similarity values of part b and part a, and part b and part c are equal (S ba = S bc = 0.50), when calculating by some existing similarity coefficient of part family formation [12] , [20] . However, if a practical reconfiguration process is considered, the reconfiguration efforts are different. When reconfiguring from part b to part a, function 1 and its system structure are added, function 4 and function 5 are swapped and function 5 is replaced by function 3, as shown in Figure 4 (a). When reconfiguring from part b to part c, only function 1 and its system structure are added, and function 5 is replaced by function 3, as shown in Figure 4 (b), and no swap action is needed. Given the complexity of RMS implementation, any difference of operation sequences (i.e., either the function itself or its position) may increase reconfiguration efforts. Therefore, the reconfiguration efforts reflect the effect of the part family grouping, in which it is necessary to recognize the difference of the reconfiguration efforts among parts for obtaining a better grouping result. From a practical perspective, neglecting reconfiguration efforts during part family grouping will cause tremendous difficulty during reconfiguration. Thus, the necessity of considering reconfiguration efforts during part family grouping prompted the authors to investigate an explicit method to recognize the reconfiguration efforts needed among parts. The main contribution is to propose a heuristic method with better practical grouping effect compared with the existing literature for decreasing reconfiguration complexity in practical situations. However, the optimality of the grouping results was not considered within the scope of this study.
V. SIMILARITY COEFFICIENT OF RMS PART FAMILY GROUPING
This section elaborates the similarity coefficient of RMS part family grouping, which discusses the calculation of reconfiguration efforts including function add, function delete, function swap and function replace. Then, a computation illustration of the proposed similarity coefficient is presented.
A. SIMILARITY COEFFICIENT CONSIDERING RECONFIGURATION EFFORTS
The similarity coefficient-based part family grouping or cell formation is derived from Jaccard coefficient [47] . The Jaccard coefficient measures similarity between finite sample sets, which is defined as the size of the intersection divided by the size of the union of the same sets. Ho et al. [30] introduced compliant index to extend the Jaccard coefficient. Askin and Zhou [32] modified the Jaccard coefficient using the LCS and the length of operation sequence. The methods of Wang et al. [12] , Goyal et al. [20] , Huang and Yan [45] , and others were also derived from the Jaccard coefficient considering different factors. Inspired by those studies, the proposed similarity coefficient considers reconfiguration efforts originating from the Jaccard coefficient as well.
The COS describes the number of common processing functions between different operation sequences without considering the process order, while the LCS is a subsequence of the COS that considers the process order. By considering the COS and the LCS simultaneously, the similarity of parts can be completely recognized. The reconfiguration efforts describe the reconfiguration actions needed to reconfigure one part to another, which depends on the difference of functions and/or process order. Thus, a similarity coefficient is constructed to measure the similarity between parts based on the COS, the LCS and the reconfiguration efforts, as follows:
where S ab is the similarity coefficient of parts a and b, COS ab is the length of the COS between part a and part b, LCS ab is the length of the LCS between part a and part b, and RE ab denotes the reconfiguration efforts needed to reconfigure from the configuration of part a to part b. A classical dynamic programming is used to find the LCS between operation sequences of parts and the details can be found in a previous study [48] , and the pseudo code to obtain LCS ab is shown in Figure 5 . efforts are needed to reconfigure between part a and b; then, S ab = 1. Therefore, the range of the similarity coefficient is 0 ≤ S ab ≤ 1. As the reconfiguration process is reversible, S ab = S ba . As mentioned earlier, the reconfiguration efforts include function add, function delete, function swap, and function replace. The added functions can be calculated using equation (2) , where the different lengths of operation sequences will cause a function add.
where AD ab denotes the functions needed to add to reconfigure from part a to part b; and N a and N b denote the lengths of operation sequence of part a and part b respectively. Similar to function add, the deleted functions can be calculated as follows:
where DL ab denotes the functions that should be deleted to reconfigure from part a to part b. The swapped functions arising from the different positions of the same functions can be calculated as follows:
where SW ab is the number of function swaps needed to reconfigure from part a to part b; COS ab is the number of functions that are the same without considering the precedence relationship of part a and part b; δ k is a factor to measure if the kth functions of part a and part
adding or deleting actions are the same; and P a , P b are the vectors of the new operation sequences of part a and part b considering adding or deleting actions respectively. Taking part a and part b mentioned above as examples (the original operation sequences are P a = {1, 2, 3, 4} and P b = {2, 4, 5}), then, P a = {DL, 2, 3, 4} and P b = {2, 4, 5}, as shown in Figure 6 , and COS ab = 2 and
δ k = 1 resulting in SW ab = 1, which means one swapped action is needed to reconfigure from part a to part b.
The replaced functions can be calculated using equation (5), where the noncommon operations should be replaced to complete the reconfiguration, except for the adding functions or deleting functions.
where RP ab is the number of function replaces needed to reconfigure from part a to part b. The reconfiguration efforts can be calculated using equation (6) summing up the numbers of the function add, function delete, function swap and function replace: (6) where RE ab is the reconfiguration efforts of part a to part b.
B. ILLUSTRATION OF THE PROPOSED SIMILARITY COEFFICIENT
For illustrating the calculation of the proposed similarity coefficient, consider two parts, part d and part e with operation sequences P d = {1, 2, 3, 4, 7, 5, 6} and P e = {7, 2, Figure 7 presents the proposed similarity coefficient computational processes graphically.
VI. CLUSTERING ALGORITHM
The similarity matrix among parts based on the proposed similarity coefficient describes their closeness, which determines whether they can be grouped into the same part family or not. Next, a clustering algorithm is needed to fulfill the part family grouping. The hierarchical clustering algorithm is a widely adopted grouping technology including agglomerative algorithm (bottom to up) and divisive algorithm (top to down), in which the agglomerative algorithm recognizes each single part as a separate part family (cluster) and subsequently groups them into a larger part family (larger cluster) and the divisive algorithm executes conversely. To make it easy to compare the clustering effect based on the similarity coefficients between the method of the existing literatures [12] , [20] , [49] and the proposed method, ALC [47] (i.e., the most popular agglomerative hierarchical clustering algorithm) is adopted in this study. Moreover, considering the severe string effect of single linkage clustering (SLC) and complete linkage clustering (CLC) [50] , ALC maintains the characteristics of the similarity matrix of the parts during the part family grouping process, which is considered most appropriate for the study [20] . According to the theory of ALC, the distance of the two clusters (part families) is calculated using the average similarity of all parts within each cluster (part family), as given below:
VOLUME 6, 2018 FIGURE 9. Dendrogram cutting according to similarity level to complete part family grouping. where D xy is the cluster distance between cluster x and cluster y (part family x and part y); and N x and N y are the part numbers of cluster X and cluster Y separately. S ab denotes the operation sequence similarity of part a and part b. The clustering result of ALC is presented as a tree-like structure called a dendrogram, which illustrates all of the possible connections of the part family grouping based on the proposed similarity coefficient. To complete the part family grouping task, a similarity level measuring the similarity among part families should be decided based on the system VOLUME 6, 2018 TABLE 2. Operation sequence benchmark [12] , [13] , [15] , [20] , [45] . designer's experience, using the RMS characteristics to cut the dendrogram in the horizontal direction. The parts below the similarity level with connections are grouped into the same family. If the RMS can tolerate a lower similarity level, the part family grouping process can group the parts with low similarity into the same part family. However, if the RMS cannot tolerate a lower similarity level, the part family grouping process can group only the parts with high similarity into the same part family.
VII. CASE STUDY
In this section, the part family grouping effects comparison between the proposed method and the existing methods is first presented. Then, an example of applying the proposed method in the real world is given to show its practicality.
A. GROUPING EFFECTS COMPARISON
A benchmark data of operation sequences adopted in many studies is chosen to implement the proposed method and the comparisons. The data consist of 19 parts with the length of the corresponding operation sequences ranging from 1 to 7, as presented in Table 2 . The similarity matrix of these 19 parts calculated by the proposed similarity coefficient is given in Table 3 . Then, ALC is used to cluster the 19 parts into families based on the similarity matrix according to equation (8) . The experiment was executed using MATLAB software. The resulting dendrogram is shown in Figure 8 ; the horizonal axis shows the index of parts, and the vertical axis shows the similarity values of clusters (part families). In this case, if the similarity level is set as 10%, the dendrogram is cut by a red line starting from the 10% position of y-axis and parallel to the x-axis, as shown in Figure 9 . Seen from Figure 8 , the 19 parts are grouped into two part families, where the first part family consists of parts 12, 13, 14, 15, 16, 17 and 19 and the second part family includes parts 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 and 11.
The dendrograms of clustering based on recent part family grouping literature [12] , [20] are shown in Figure 10 Figure 10(b) . However, the proposed part family grouping method groups part 1 and part 4 into the same part family first (step x) and then part 3 is added into this part family (step y) as shown in Figure 9 . The accuracy of these methods needs to be compared, in order to determine which would provide the best results.
Let us recall the operations of part 1, part 3 and part 4 according to Table 2 , that is, P 1 = {1, 4, 8, 9}, P 3 = {1, 2, 4, 7, 8, 9} and P 4 = {1, 4, 7, 9}. When reconfiguring from part 1 to part 4, only one function replace action is needed, whereas when reconfiguring from part 1 to part 3, two actions of function add and two actions of function swap are needed, as shown in Figure 11(a) and (b) . The corresponding RMS structure of part 1, part 3 and part 4 and the reconfiguration process are given in Figure 12 . Thus, it is more reasonable to group part 1 and part 4 into the same part family, because fewer reconfiguration efforts are needed, as recognized by the proposed part family grouping method. Therefore, the performance of the proposed method is better.
A similar phenomenon is observed in the grouping processes of part family {7, 8, 9}, including part 7, part 8 and part 9, and part family {12, 17, 13, 14}, including part 12 (17), part 13, and part 14. There are 3 reconfiguration efforts (1 function add and 2 functions swap) needed to reconfigure from part 9 to part 8 ( Figure 13 (a) ) and 2 reconfiguration efforts (2 functions delete) needed to reconfigure from part 9 to part 7 ( Figure 13 (b) ). It is obvious that the reconfiguration between part 9 and part 7 is easier than the reconfiguration between part 9 and part 8. However, the results of Wang et al. [12] and Goyal et al. [20] group part 9 and part 8 into the same part family first and then group part 7 into the part family {8, 9}. Similarly, it is easier to reconfigure from part 12 to part 14 (1 reconfiguration effort) than to reconfigure from part 12 to part 13 (2 reconfiguration efforts), as shown in Figure 14(a) and (b) . However, the results of Wang et al. [12] and Goyal et al. [20] wrongly group part 12 and part 13 into the same part family first.
In conclusion, the proposed part family grouping method has the ability to remedy the drawbacks of Wang et al. [12] and Goyal et al. [20] . The grouping result of the proposed method makes it easy to reconfigure among parts within the same part family by considering the reconfiguration efforts, as compared with the existing literature, in which the implementation of RMSs based on the part family of the proposed part family grouping method is more practical.
B. PRACTICAL IMPLEMENTATION OF THE PROPOSED METHOD
It is easy to apply the proposed method in a real situation. In practice, the operations during processing include Turning, Milling, Drilling, and others. During the part family grouping, these can be mapped to integer numbers to ease the similarity computation. A mapping example is presented in Table 4 . There are 5 operations, named Turning, Milling, Planing, Boring and Grinding. The corresponding operation numbers are 1, 2, 3, 4, and 5, respectively.
There are three parts needed to group into part families including cylinder head 1 (part 1), cylinder head 2 (part 2), and engine crankcase (part 3), as shown in Figure 15 . The operation sequences of the three parts are OP 1 = {Milling, Milling Drilling}, OP 2 = {Milling, Boring, Drilling}, OP 3 = {Milling, Drilling, Milling, Boring, Grinding}. The operation is mapped to an integer number according to Table 4 , which obtains the operation number sequence. The corresponding number operation sequences are ON 1 = {2, 2, 3}, ON 2 = {2, 4, 3}, and ON 3 = {2, 3, 2, 4, 5}. To show the practicality of the proposed method, the operation sequences of the three parts, that is, OP 1 , OP 2 , and OP 3 , are used to calculate the similarities considering reconfiguration efforts, COS and LCS, which are S 12 = 0.67, S 13 = 0.45, and S 23 = 0.45, as shown in Figure 16 . The clustering results are shown in Figure 17 . The similarity level among part families is set as 50%. The grouping result is part family 1 = {cylinder head 1, cylinder head 2} and part family 2 = {engine crankcase}.
VIII. CONCLUSIONS
To improve the practicality of RMSs based on part family grouping, associating the part family grouping process with reconfiguration is proposed. The reconfiguration complexity of the RMS is analyzed to demonstrate the necessity of considering the reconfiguration efforts when grouping parts into a family. The concept of reconfiguration efforts is proposed to measure the reconfiguration complexity, which involves four functions: add, delete, swap and replace. Next, a similarity coefficient between parts is constructed based on reconfiguration efforts, common operation sequence and the longest common subsequence. Details of calculating the reconfiguration efforts are given in equations (2)- (6) . A similarity matrix can be obtained from the proposed similarity coefficient using equation (1), based on which parts are grouped into families using ALC. The case study analyzes the grouping effects and practicality of the proposed part family grouping method. Compared to existing methods described in the literature, the result of the proposed part family grouping method can reduce the reconfiguration efforts during reconfiguration among parts within the same part family. The practical implementation of the proposed method shows that it is easy to apply this method in real situations. In addition, the proposed method will accelerate the development of Industry 4.0, Cyber-Physical Systems (CPS) and Digital twin, owing to which the role of reconfigurability in manufacturing is emphasized again. However, the weights of reconfiguration efforts and the influences of the different clustering algorithms are not considered in this study, which may affect the result of part family grouping and is reserved for future research. 
